The nucleolar changes in erythroblasts during differentiation have been observed in light and electron microscopy (GRAsso et al., 1962; LIKovSKY, 1971,1972; LIKovSKY, and SMETANA, 1975; SMETANA et al., 1975) . In general, electron microscopy is considered to be less applicable to morphological quantification of the nucleolus, because the nucleolus is not always included in the sectional area of the nucleus in ultrathin sections. However, recent advances in the morphological quantification of threedimensional objects have enabled us quantitatively to deal with the nucleolus also at the electron microscopic level (ABE and ITo, 1972; SUWA, 1977; ELIA5 and HYDE, 1980) . In previous papers, the nucleus in erythroblasts has been quantitatively documented on the basis of the three-dimensional analysis in electron microscopy SASAKI et al., , 1982 . The present investigation was subsequently undertaken qualitatively and quantitatively to examine the nucleolar changes during the differentiation of erythroblasts in the mouse spleen at the electron microscopic level.
MATERIALS AND METHODS
A total of 20 female dd-mice, newly born and 60 days of age, maintained under conventional environmental conditions, were used in this study.
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The mice were killed with excessive chloroform, and their spleens quickly removed. Pieces of spleen were immediately fixed in an ice-cold mixture containing 5 % formalin and loo glutaraldehyde in 0.1 M cacodylate buffer , pH 7.5, for 2 hrs and then postfixed in 2 % 0s04 for 2 hrs. The tissues were immersed in 0.5% uranyl acetate overnight, then dehydrated in a graded series of ethanol and embedded in Quetol 812 . Ultrathin sections were cut and stained with lead citrate, and the splenic red pulp was examined by electron microscopy.
Volume and number of nucleoli in erythroblasts: On the equatorial sections of erythroblasts, which were determined in the way to be mentioned later , the areas of the nuclei and nucleoli were measured by a point-counting method on electron micrographs enlarged at a magnification of 10,000 times. The volumetric ratio of nucleoli to nucleus (n/N ratio) was then obtained. For each of the four types of erythroblasts, which were stereologically classified as reported in previous papers, 100 or more cells were counted . From these, the nuclear volume was calculated from the equatorial sectional area (SASAKI et al., , 1982 . The total nucleolar volume was then obtained from both the nuclear volume and the n/N ratio. As the nucleus and nucleolus were nearly spherical in shape, the number of nucleoli per nucleus could be estimated from both the equatorial areas of the nucleus and nucleolus and the average number of nucleoli in a nuclear section (ABE,1975) . The average volume of one nucleolus was also calculated .
In addition, the nucleoli were quantitatively examined for lymphocytes contained in the splenic red pulp in the same way as for erythroblasts.
RESULTS
In the newborn mouse, the red pulp of the spleen constitutes almost the entire pulp and contains large numbers of erythroblasts.
As reported previously , the erythroblasts were classified into four types by three-dimensional analysis of the nucleus; small (S) , medium (M), large (L) and extra-large (EL) erythroblasts SASAKI et al., , 1982 . A nuclear profile with a diameter of 4.0±0.2pm was considered to represent an equatorial nuclear plane of small erythroblasts; one with a diameter of 5.0±0.2gm, medium erythroblasts; one with a diameter of 6.3±0.3pm, large erythroblasts; and one with a diameter of 7.9±0.5gm, extra-large erythroblasts , respectively (Table 1) . (Fig. la) . The nucleoli are composed mainly of a light granular area in which dark ring-shaped fibrillary areas, 0.4utn in diameter, are scattered (Fig. lb) . As shown in Table 1 , the extra-large erythroblasts are greatest in n/N ratio and largest in the total volume of nucleoli.
Their nuclei contain approximately four nucleoli .
The large erythroblasts, 6-llum in diameter, also have a pale euchromatic nucleus with well-defined nucleoi.
The nucleoli are generally round in shape with a diameter of 1-3fem. They are similar in structure to those in the extra-large erythroblasts. Some 50°° of the nucleoli are in contact with the nuclear membrane (Fig . 2) . The nucleoli are about as numerous in the large erythroblasts as in the extra-large erythro- Extra-large erythroblasts. a. The extra-large erythroblast (EL) has a pale euchromatic nucleus with a prominent nucleolus (arrow). 111 medium erythroblast.
x 5,000. b. A nucleolus (nl) of an extralarge erythroblast, associated with the nuclear margin, is composed mainly of a light area in which dark ring-shaped areas (arrows) are scattered.
:V nucleus. x 15,000
blasts, but the total nucleolar volume of the former is about 50°° of that of the latter (Table 1) . The medium erythroblasts, 5-8gm in diameter, have a dark nucleus with massive heterochromatin arranged densely in clumps. The nucleus commonly possesses small and round nucleoli enclosed in chromatin blocks. The nucleoli, 0.7-2.0fim in diameter, are generally separate from the nuclear margin and have a dense area in the center (Fig. 3) The total volume of nucleoli in small erythroblasts is 0.5 am3, being one-fifth of that in medium erythroblasts (Table 1) . The percentage of the marginated nucleoli was 7 in the medium erythroblasts and 4 in the small erythroblasts.
The nucleoli in the four types of erythro- 
Large erythroblasts (L) and small erythroblast (S).
In large erythroblasts, prominent large nucleoli (nl) are attached to the nuclear membrane.
x 6,000 In the adult mouse, next to erythroblasts, small lymphocytes are the most frequent in the red pulp. As shown in Table 1 , small lymphocytes are similar in nuclear volume and in average volume of one nucleolus to small erythroblasts, but the n/N ratio and the total nucleolar volume are approximately two times greater in small lymphocytes than in small erythroblasts.
In addition, 75°° of the nucleolar sectionso f small lymphocytes are ring-shaped with a dark peripheral area (Fig. 5) .
The granuloid series of hemopoietic cells are infrequent in the red pulp. In neutrophilic or eosinophilic granulocytes, no nucleoli are seen although immature granuloids, such as myelocytes, contain small ring-shaped nucleoli.
Megakaryocytes have a large lobulated nucleus with nucleoli. The nucleoli are spherical or oval in shape with an irregular network of nucleolonema.
They frequently adhere to the nuclear membrane.
DISCUSSION
The nucleolar changes in hemopoietic cells of various blood cell lines during differentiation have been studied by electron microscopy as well as light microscopy (see review by BUSCH and SMETANA, 1970) . For erythroblasts, as shown in the results, the morphologic characterization of the nucleoli can be considered a strong asset in studying the cell differentiation.
As reported in previous papers, erythroblasts in the spleen and bone marrow of the mouse could be classified, by stereological karyometric analysis in electron microscopy, into four types; small, medium, large and extra-large.
The small erythroblasts correspond to orthochromatic erythroblasts; the medium, to polychromatic; the large, to basophilic; the extra-large, to proerythroblasts, respectively (SASAKI et al., , 1982 . The developmental sequence of the erythroid line is followed by a decrease in the nuclear size; the nucleus decreases in volume by halves with the process of differentiation (SA5AKI et al., 1981 , 1982 . As presented in the results, the nucleoli also exhibit a striking decrease in volume and number, and their changes are more drastic.
The volumetric ratios of nucleoli to nucleus are 0.15 and 0.13 in extra-large and large erythroblasts, whereas they are 0.04 and 0.02 in medium and small erythroblasts, respectively. In volume the nucleoli in medium erythroblasts are approximately 1/16, and those in small erythroblasts 1/76 of those in extra-large erythroblasts.
Thus, medium and small erythroblasts undergo a very striking reduction in the nucleolar volume. Thus, the nucleoli show a marked decrease in volume at the stage of a medium erythroblast and decrease strikingly in number at the stage of small erythroblasts.
The polychromatic and orthochromatic erythroblasts generally have few or no distinct nucleoli at the light microscopic level. It has a ring-shaped nucleolus (arrow).
x 7,000
It is well known that the nucleolus is the site of RNA concentration (see reviews by BUscH and SMETANA, 1970; MILLER, 1981) , and that its morphologic feature reflects the activity of ribosomal RNA synthesis (GoEssENs, 1978; KURATA et al., 1978) . As is generally accepted, the cells that have a euchromatic nucleus with large prominent nucleoli show very intense protein-synthetic activity.
In tumor cells, for instance, the nucleoli are often enlarged and are frequently associated with the nuclear membrane, referred to as "nucleolar margination" (GHADIALLY,1975; BOURGEOIS et al., 1979; STACHER et al., 1980; SATO et al., 1981) . Autoradiographic analysis of cytoplasmic RNA synthesis in erythroblasts has indicated that the ribosomal RNA production occurs only in the early erythroblast stage, such as proerythroblasts and basophilic erythroblasts, and that the most active hemoglobin synthesis takes place in the late erythroblast stage (GRAsso et al., 1963) . Therefore it is likely that the large and nuclear margin-associated nucleoli in extra-large and large erythroblasts suggest an active ribosomal RNA production. Administration of agents which inhibit the RNA synthesis, such as actinomycin D, results in nucleolar changes which are referred to as nucleolar segregation (GHADILLY, 1975; JORDAN and MCGOVERN, 1981; RASKA et al., 1981) . The ring-shaped nucleoli in mature lymphocytes are similar in appearance to those seen following treatment with actinomycin D. The nucleoli in medium and small erythroblasts as well as in small lymphocytes may be regarded as representing a nucleolar segregation associated with a decline in cytoplasmic RNA synthesis.
